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1. Introduction 

Of all the measurements performed on the GEC 
cell, measurement of the discharge current and 
voltage are perhaps the most common. Because the 
current-voltage characteristics are sensitive to a 
wide variety of plasma properties and perturba- 
tions, and because the equipment necessary to 
measure them is relatively flexible and inexpensive, 
current-voltage measurements were proposed, 
quite soon after the construction of the first GEC 
cells, as a practical means of gauging the repro- 
ducibility of plasma conditions among the cells. 
Electrical characteristics measured in many differ- 
ent cells have been compared [1,2], and the results 
of these comparisons will be briefly reviewed here. 
In general, good agreement between cells was ob- 
tained, but only after careful consideration and 
elimination of measurement errors. Some sources 
of error can be quite large— large enough to inval- 
idate comparisons between cells. Therefore, some 
discussion is included here on the methods used to 
eliminate or minimize these errors. In addition, 
controlled experiments performed in single cells 



have been very useful in identifying several sources 
of irreproducibility in plasma conditions. These ex- 
periments will also be reviewed. Finally, without 
any means of interpreting the electrical character- 
istics, it is difficult to know whether a measured 
change in electrical data represents an important 
change in plasma conditions. This paper will there- 
fore also review a limited number of experiments 
that compare electrical measurements with the re- 
sults of other diagnostic techniques to yield some 
insight into the origin of the electrical characteris- 
tics and aid in their interpretation. 



2. Measurement Issues 

2.1 Probe Accuracy 

Current and voltage characteristics of discharges 
in the GEC cell have been measured using digital 
oscilloscopes equipped with a variety of probes, in- 
cluding home-made capacitive voltage probes and 
inductive d//dr current probes [1,3] and commer- 
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cially-available current transformers and attenuat- 
ing voltage probes [1]. Any of these probes, or the 
oscilloscope itself, can be an important source of 
systematic errors. Thus, detailed consideration of 
these errors and careful implementation of calibra- 
tion procedures are necessary. Both magnitude and 
phase errors can be significant. Phase errors arise 
primarily from propagation delays in the probes 
and in the cables that connect them to the oscillo- 
scope. The phase error of a voltage probe can be 
determined from a direct measurement of its delay, 
using two channels of the oscilloscope. The relative 
delay between current and voltage probes, and the 
resulting error in impedance phase, can be deter- 
mined by attaching the probes to loads of known 
impedance phase. This can be achieved particularly 
conveniently using the parasitic impedance of the 
cell itself as a load [1-3]. If both inductive and ca- 
pacitive loads are used, it is possible to distinguish 
true propagation delays from small uncertainties in 
phase that arise if either load contains an unknown 
resistance [4]. 

Another possible source of phase errors is 
crosstalk between the current and voltage signals. 
Crosstalk can occur internally in the oscilloscope or 
in commercial current probes that are improperly 
grounded [4]. Because of capacitive coupling be- 
tween the power lead and the case of a current 
probe, a spurious signal in phase with the voltage 
can be added to the current signal, shifting its 
phase. Phase errors of this sort as large as W have 
been detected. The error is minimized by using 
current probes with higher gain (more volts per 
ampere) and by assuring a good connection be- 
tween the case of the current probe and the oscillo- 
scope ground. Large errors will, of course, also 
occur if the current probe is installed with the 
wrong polarity or if its output is improperly termi- 
nated. 

Systematic errors in amplitude measurements 
can also be large, especially at high frequencies 
near the bandwidth limits of the probes or the os- 
cilloscope. Bandwidths are usually specified by a 3 
dB frequency. At this frequency amplitudes are in 
error by a factor of \/2. Even at frequencies far 
below this, bandwidth limitations degrade mea- 
surement accuracy; often the effects of limited 
bandwidth become negligible only at a frequency 
one power of ten below the 3 dB frequency. Many 
probes and oscilloscopes with bandwidth sufficient 
to permit excellent accuracy at 13.56 MHz are 
available and relatively inexpensive. Unfortunately, 
it is more difficult to obtain accurate measurement 
of the higher frequency harmonic signals generated 



by the plasma. There also appears to be a tradeoff 
between the bandwidth of probes and the maxi- 
mum current or voltage that they can tolerate. 
These problems can be solved by calibrating probe 
amplitudes against higher bandwidth instruments 
or by constructing capacitive voltage probes and in- 
ductive dl/dt current probes [1,3], These have ex- 
tremely high bandwidths, and have the added 
advantage of amplifying the weak harmonic signals. 

2.2 Cell Parasitics 

At radio-frequencies, the GEC cell contains sig- 
nificant parasitic impedances, including stray ca- 
pacitance, self-inductance and parasitic series 
resistance. Measured current and voltage wave- 
forms include contributions from the parasitics as 
well as the plasma. Furthermore, the exact value of 
the parasitics can be quite sensitive to minor 
changes in the design of the electrodes and small 
shifts in the positions of the probes. If the values of 
the parasitics vary from cell to cell, probe measure- 
ments will vary, even when plasma conditions are 
identical. In this situation, procedures are required 
to convert the current and voltage waveforms mea- 
sured by the probes into waveforms more indicative 
of the plasma itself: waveforms representing the 
current and voltage present inside the cell, at sur- 
faces in contact with the plasma. This section de- 
scribes procedures that characterize and correct 
for the parasitics. It should be noted that the para- 
sitics are also important for another reason: they, 
together with the remainder of the external cir- 
cuitry that powers the cell, establish boundary con- 
ditions on the plasma, and variations in these 
boundary conditions can cause real variations in 
plasma electrical characteristics. This topic will be 
discussed separately in a later section. 

Parasitics in the GEC cell have been character- 
ized at 1 MHz to 100 MHz using a vector 
impedance meter [5] and over a narrower fre- 
quency range using current and voltage probes 
[4,6]. From these studies the equivalent circuit 
model of the parasitics shown in Fig. 1 was ob- 
tained. This model represents the cell in its most 
common mode of operation: with one electrode 
powered and the other grounded, and a shunt cir- 
cuit [1,2,7] attached. The terminals at the bottom 
of the circuit diagram represent the point on the 
powered electrode lead at which the current and 
voltage probes are mounted. The current and 
voltage measured by the probes, /m(0 ^rid Vm{t), 
are defined in Fig. 1, as are /pe(0 ^rid Vpc{t), the 
current and voltage at the surface of the powered 
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Fig. 1. Equivalent circuit diagram of the GEC cell. Shown on the left is a block diagram for the cell, operated with 
one electrode powered and one electrode grounded, with a shunt circuit attached. The equivalent circuit for this 
configuration is shown on the right. The circuit includes parasitics in the ground electrode assembly (Cge, Lge, Rgc)y 
in the powered electrode assembly (Cpe, Lpe, ^pe, C™), in the chamber walls (Lw) and in the shunt circuit (£„ Cs, Rs)- 



electrode. The equivalent circuit diagram shows all 
cell parasitics, including both the powered and 
ground electrode. (Parasitics in the electrical net- 
work upstream of the probes are not shown.) The 
parasitic capacitance Cpe is largely associated with 
the thin sleeve of insulator between the powered 
electrode and its ground shield. The long lead that 
powers the powered electrode and the insulator 
and ground shield that surround it act as a trans- 
mission line that contributes most of the induc- 
tance Lpe and resistance /?pe, and part of the 
capacitances Cpe and Cm. Cm also includes the para- 
sitic capacitance of the current and voltage probes 
and their supports. Similarly, the parasitics Lge, Cge 
and Rgc are associated with the upper, grounded 
electrode. No capacitance analogous to Cm is 
shown for the upper electrode, as the ground con- 
nection for this electrode short-circuits any such 
capacitance. Lw represents the self-inductance of 
the cavity between the chamber wall and the outer 
surface of the ground shields. Ls, Cs and Rs repre- 
sent the shunt circuit [1,2,7] which consists of a coil 
and an air-variable capacitor connected between 
the power lead and the chamber ground, just 



downstream from the current probe. The shunt is 
designed so that, at the fundamental frequency of 
13.56 MHz, it has an inductive impedance that can- 
cels the net capacitive reactance of the rest of the 
cell, thereby reducing the total current drawn by 
the cell, improving the precision of current mea- 
surements [4], and alleviating problems with rf 
interference, ground loops, and current probe 
overload. 

The exact values of the parasitic elements shown 
in Fig. 1 vary from cell to cell. The capacitance 
values depend on the insulator material — alumina 
or Teflon*. Teflon insulators have lower capaci- 
tances due to their smaller dielectric constant [1]. 
For alumina insulators, two designs exist, the origi- 
nal design having a solid core and an updated, 
more easily fabricated hollow-core version with 
slightly lower capacitance values. Finally, some 



^ Certain commercial equipment, instruments, or materials are 
identified in this paper to foster understanding. Such identifica- 
tion does not imply recommendation or endorsement by the 
National Institute of Standards and Technology, nor does it im- 
ply that the materials or equipment identified are necessarily 
the best available for the purpose. 
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random variation in Cpc and Cge are exhibited be- 
tween cells, as these capacitances can be very sensi- 
tive to the exact dimensions of the insulator and its 
alignment relative to the electrode and ground 
shield. The self-inductance L^ also varies between 
cells, depending on how far away the probes are 
installed from the powered electrode. Cm depends 
on the particular probes used, and the shunt's 
parameters vary according to the details of its con- 
struction. Despite these variations, it is believed 
that the circuit model of Fig. 1 is general enough to 
accommodate any GEC cell in the standard config- 
uration. Of course, cells that have been drastically 
modified to incorporate alternative sources, mass 
spectrometers, or topside optical access will have 
very different equivalent circuits. 

Because of the variations in parasitics from cell 
to cell, electrical data are best expressed in terms 
of /pc(0 and Kpc(0, the current and voltage at the 
surface of the powered electrode, rather than /m(0 
and Vm{t)j the current and voltage measured by the 
probes. To achieve this, an equivalent circuit for 
the cell is typically assumed, a limited set of mea- 
surements are performed with the plasma extin- 
guished to determine values for the parasitics, and 
the circuit equations are then solved to obtain /pc(0 
and Kpe(?)- The model most commonly used [1,2,7] 
includes four elements (Cpc, Lpc, Cs and Ls) but it 



omits Cm, i?pc and i?s 



Accurate values of /pei and 



Kpei, the fundamental components of /pc(0 ^^d 
Fpc(0, can be obtained from this model, if care is 
taken to match the model to measured characteris- 
tics, and if the capacitance of the gap between the 
electrodes is properly accounted for. (Otherwise, if 
the gap capacitance is included in Cpc, systematic 
errors in /pei as large as 15 % are possible [4]). 
However, the omission of resistive parasitics, par- 
ticularly /?s, can introduce large systematic errors in 
6, the phase between Kpci and /pci, and in the 
plasma power P^=\I2 /pej Fpci cos 6. Indeed, the 
simple four-element model yields values of Q and 
/*pc that differ by as much as 6** and 60 %, respec- 
tively, from values obtained using a general treat- 
ment [4] that includes the resistive parasitics. 

The procedures that account for the parasitics 
(and for probe phase errors) are conveniently per- 
formed in the frequency domain. Therefore, the 
first step in the analysis of measured waveforms is 
almost always Fourier analysis, most commonly ac- 
complished using the Fast Fourier transform (FFT) 
algorithm. Applying the FFT directly on the digi- 
tized waveforms does not yield the desired Fourier 
coefficients exactly, however, because in general 
the sampling rate and the rf frequency are not 



commensurate. Instead, linear interpolation be- 
tween the measured data points is used to generate 
a waveform with an appropriate time-base and 
spacing between points. Applying the FFT to the 
interpolated waveform then yields the Fourier co- 
efficients at the exact frequencies of the fundamen- 
tal and harmonics, free from aliasing effects. 
Alternatively, Fourier analysis can be accomplished 
using curve-fitting techniques [8] or by explicit 
evaluation of the Fourier integrals [6]. These meth- 
ods can be very efficient, more efficient than the 
FFT, as no time is wasted calculating the ampli- 
tudes of components known to be insignificant. 
Analysis methods have recently been extended to 
include transient effects [9]. 



3. Cell Comparisons 

To assess the reproducibility of plasma condi- 
tions among GEC cells, the current and voltage 
characteristics of argon discharges in may cells, un- 
der nominally identical conditions, have been 
measured and compared [1,2]. In one study, mea- 
surements were made in six cells at five different 
laboratories, at four values of pressure and four 
values of applied voltage [1]. Figures 2 to 4 show 
results of this comparison at a pressure of 66 Pa 
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Fig. 2. Comparison of /pcj and V^^, the fundamental amplitudes 
of current and voltage at the surface of the powered electrode, 
for argon discharges at 66 Pa (500 mTorr) in six different GEC 
cells. (In one cell, SNL2, measurements were performed twice, 
with and without added capacitance.) Data from Ref. [1]. 
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Fig. 3. Comparison of electrical data from six GEC cells. The 
phase 9 between /p^ and Kpcj, the fundamental components of 
current and voltage at the surface of the powered electrode, is 
plotted against the magnitude of Kpd, for argon discharges at 66 
Pa (500 mTorr). Data from Ref. [1]. 
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Fig. 4. Comparison of electrical data from six GEC cells. The dc 
component Vdc of the voltage on the powered electrode is plot- 
ted against the fundamental component Kpep for argon dis- 
charges at 66 Pa (500 mTorr). Data from Ref. [1]. 

(500 mTorr). The fundamental components /p^ and 
Fpei of the corrected current and voltage waveforms 
/pe(0 and Fpe(0 are plotted in Fig. 2. In Fig. 3 the 
phase difference between /pei and Fpei is plotted, 



and Fig. 4 shows the dc self-bias Fdc. In each cell 
data were measured at peak-to-peak applied 
voltages of 75 V, 100 V, 150 V, and 200 V. Because 
the parasitics in the cells differ, identical values of 
applied voltage, as measured by the voltage probe, 
do not correspond to identical values of Fpej. Thus 
the X-axis values for the different cells are not 
identical. Data from cells with higher values of the 
parasitics Lpe and Cpe appear shifted to the right, 
while cells with lower values of Lpc and Cpc appear 
shifted to the left. 

Nevertheless, shifts in the Fp^ values are accom- 
panied by shifts in /pd, so that the data points plot- 
ted in Fig. 2 fall roughly on the same line. This 
illustrates that a reasonable degree of reproducibil- 
ity can be obtained between cells, even though the 
parasitics differ, by operating the cells at identical 
values of Fp^. Because the parasitics differ, this 
parameter, rather than as-measured voltages, is a 
more useful way of specifying and reporting the op- 
erating point of the plasma. Figures 3 and 4 show 
that reasonable agreement in 9 and Vdc can also be 
obtained when different cells are operated at the 
same value of Fpei- 

It is difficult to interpret the variance between 
cells seen in Figs. 2 to 4. Some part of it is un- 
doubtedly due to measurement error. The probes 
and oscilloscopes used to acquire the data have ac- 
curacy specifications of only a few per cent. For 
some probes, with upper 3 dB frequencies close to 
13.56 MHz, larger errors are expected. Further- 
more, errors in the models and measurements used 
to characterize the parasitics can produce errors in 
the calculated values of /pci, Vpci and 6. This is par- 
ticularly true of 0, The values of 6 shown in Fig. 3 
were calculated without considering resistive para- 
sitics in the cell and the shunt. This produces a 
systematic error in 6 which, in the NIST cell, is 
typically 5° [4]. Other cells will have systematic 
phase errors that are similar, but not identical, thus 
contributing to the variations between cells seen in 
Fig. 3. 

Alternatively, some of the observed variance is 
not due to measurement errors, but to true varia- 
tions among the cells. There are a number of 
mechanisms by which these variations could arise. 
The discharge is affected by the condition of elec- 
trode surfaces, the concentration of gas-phase im- 
purities, and the electrical boundary conditions 
imposed on the discharge by the cell and the exter- 
nal circuit that powers it. Differences in any of 
these properties could be in part responsible for 
the deviations seen in Figs. 2 to 4. To elucidate the 
role of each of these mechanisms, however, cell 
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comparisons are of limited usefulness. Instead, 
controlled experiments in single cells, as described 
in following sections, have been performed to in- 
vestigate each of these phenomena individually. 



4. Plasma Reproducibility Issues 
4.1 External Circuit Effects 

In general, the electrical characteristics of rf dis- 
charges are nonlinear. Therefore, when driven at 
one frequency, a discharge generates signals at har- 
monic frequencies that propagate back through the 
external circuitry that powers the cell. The magni- 
tudes and phases of the harmonics depend on the 
external circuit. Indeed, the ratio of a pair of 
voltage and current harmonics equals the 
impedance of the external circuit at the harmonic 
frequency, looking back upstream from the mea- 
surement point towards the power supply (pro- 
vided that harmonics are generated only by the 
discharge). Therefore, if the impedance of the ex- 
ternal circuit changes, the harmonic signals must 
also change. Again, because the discharge is non- 
linear, the resulting changes need not be confined 
to the harmonics; the fundamental current and 
voltage components and the dc self-bias may also 
change. 

Sensitivity of the electrical characteristics to the 
external circuitry has been observed in cell com- 
parisons. For example, for the cells compared in 
Figs. 2 to 4, harmonic components differed widely 
[1]. This is expected, as the external circuits of the 
cells were not standardized. Agreement in the har- 
monics was obtained only for one pair of cells, in 
which special care had been taken to make sure 
that the cell parasitics, the power supply and 
matching network, and the rest of the external net- 
work were electrically identical [1], 

In one cell, external circuit effects were studied 
systematically, by varying the length of the cable 
between the cell and the matching network [3]. As 
the cable length is varied, its impedance changes 
cyclically, with a periodicity determined by the 
wavelength. Figure 5 shows how the corrected cur- 
rent and voltage amplitudes responded to the 
changes in cable length. For some values of cable 
length large changes are observed in all ampli- 
tudes: fundamental, dc, and harmonics. At other 
lengths the amplitudes are relatively insensitive. 
The data suggest that at some cable lengths the 
cable impedance is a dominant part of the total 
impedance of the external circuit, while it is in- 
significant at other cable lengths, but a complete 



understanding of the data, explaining the connec- 
tion between the external circuit impedance and 
the plasma harmonics, is not currently available. 

One aspect of the interaction between the non- 
linear plasma impedance and the impedance of the 
external circuit has been investigated in detail: the 
generation of subharmonics, Subharmonics at half 
the fundamental frequency have been observed in 




0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Cable length (m) 

-r 1 1 r 




0.2 0,3 0,4 0,5 0,6 

Cable length (m) 



Fig, 5, Amplitudes of the harmonic components of the voltage 
and current waveforms on the powered electrode of the GEC 
cell, as a function of the length of a cable that powers the cell, 
for an argon discharge at 13.3 Pa (100 mTorr). The fundamental 
(13.56 MHz) components Kpci and I^^ are shown, along with the 
dc component of voltage Kpcy^Kdc* components Kpcj and I^^^ at 
27-12 MHz, I/p.3 and /p.3 at 40.68 MHz, and I^, at 54.24 MHz. 
Data from Ref. [3]. 
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the GEC cell [10] and models have been developed 
to determine the conditions on the discharge non- 
linearity and external circuit that are necessary to 
generate them. Nevertheless, subharmonics have 
only been reported in this one study, in which the 
external circuit was purposely modified in a delib- 
erate attempt to generate them. It seems that the 
conditions necessary for generation of the subhar- 
monics are not easily or frequently attained in the 
GEC cell, for typical discharges and typical exter- 
nal circuits. 

One means of reducing the sensitivity of the dis- 
charge to the external circuit has been demon- 
strated [11]. A filter, designed to have a high 
transmission at the fundamental frequency, but low 
transmission at the harmonics, can be placed on 
the cable that powers the cell. The filter serves to 
isolate harmonics generated in the discharge from 
all portions of the external network upstream of 
the filter, including the rf source and matching net- 
work. Using the filter, a high degree of reproduci- 
bility can be obtained between cells powered by 
different equipment [11]. Of course, to assure the 
greatest reproducibility it is still necessary that the 
portion of the network between the filter and the 
cell be electrically identical. This would include as- 
suring identical values for all of the cell para- 
sitics — not just in the powered electrode, but in the 
ground electrode as well. Indeed, it has been ob- 
served that the harmonic currents flowing through 
the ground electrode are quite sensitive to the 
ground electrode parasitics [6]. 

4.2 Gas Impurities 

The comparisons shown in Figs. 2 to 4 were per- 
formed using cylinders of argon gas purified to bet- 
ter than 99.999 %. However, gas-phase impurities 
in the cell during plasma operation could have 
been much higher. Leaks, backstreaming from 
pumps, desorption or sputtering of species from 
surfaces, and malfunctioning of mass flow con- 
trollers can all contribute significant levels of gas- 
phase impurities. Furthermore, discharges in 
argon, an electropositive gas, are expected to be 
very sensitive to the addition of minute quantities 
of electronegative gases [12]. To determine if gas- 
phase contamination represents an important 
source of irreproducibility, mixtures of argon with 
oxygen, nitrogen, and water, three common con- 
taminants in plasma systems, have been investi- 
gated [13]. Results are shown in Fig. 6. Significant 
changes in the electrical parameters were observed 
at volume fractions as low as 6x10"^ for O2, 



2x 10"^ for H2O, and 6x 10"^ for N2. Presumably, 
the addition of each gas decreases the electron 
concentration in the plasma, partly by diluting the 
argon but more importantly because of attachment 
by electronegative species. Reduced electron con- 
centration produces higher and more resistive 
plasma impedances. Changes in the electron con- 
centration affect the impedance of different re- 
gions of the plasma to different degrees, producing 
changes in the plasma potential and the dc bias. It 
is not clear if these results can be generalized to 
other gases, but in any case, to assure the greatest 
reproducibility, good vacuum practice should be 
followed to minimize the background level of any 
impurities. 

4.3 Surface Conditions 

Discharges can also be affected by changes at the 
electrode and chamber surfaces that are in contact 
with the plasma. These surfaces, bombarded by 
ions and electrons from the plasma, emit secondary 
electrons that can serve to sustain or intensify the 
discharge. The secondary electron yield varies 
widely for different materials, so differences in cell 
materials may represent another source of irrepro- 
ducibility among cells. The GEC cell was originally 
designed with aluminum electrodes, with the cham- 
ber and ground shields made of stainless steel. 
Some cells, however, have been constructed with 
stainless steel electrodes. Current and voltage mea- 
surements in these cells appear to differ from cells 
with aluminum electrodes, but is has not yet been 
proven that the differences result from the differ- 
ent electrode materials. In another cell, the stan- 
dard ground electrode was replaced by a mass 
spectrometer that could be equipped with an end- 
plate of either stainless steel or aluminum [14]. In 
that cell, electrical data did not exhibit a significant 
dependence on the choice of material, for Ar, He, 
N2, and O2 discharges. The composition of the 
powered electrode was not varied in that study, so 
secondary electron effects at the powered elec- 
trode can not be ruled out. 

Secondary electron yields are extremely surface- 
sensitive, responding to adsorption or reactions 
that occur over the topmost atomic monolayer(s) of 
a surface [15]. Thus, even if the electrode materials 
are not varied, changes in plasma characteristics 
can be produced by more subtle changes occurring 
on the surfaces. Such effects are particularly rele- 
vant for aluminum electrodes. When aluminum 
metal is exposed to oxidizing environments, a na- 
tive oxide forms, and secondary electron yields are 
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Fig. 6, Electrical data for Ar/Oz (left), Ar/H20 (middle), and Ar/Nj (right) plasmas at 13.3 Pa (100 mTorr), indicating the sensitivity of 
argon discharges to impurity gases. The volume fraction given on thex-axes were obtained from calibrated mass spectrometer measure- 
ments. The electrical parameters on the^^-axes include: K^ax, the maximum value attained by the corrected voltage waveform Kpe(/); Kdc 
and Kpcp the dc and fundamental (13.56 MHz) components of Vpc{t); and the magnitude (Z) and phase (0) of the impedance VpcJJpci, 
where /p^ is the fundamental current component. (From Ref. [13].) 



are significantly higher for oxidized aluminum [16]. 
In one GEC cell with aluminum electrodes, hys- 
teresis was observed when the electrical parame- 
ters of Ar/02 discharges were measured as a 
function of the gas-phase concentration of O2 [13]. 
In one experiment, shown in Fig. 7, a slow decrease 
in plasma impedance was observed for oxygen-rich 
conditions, consistent with a slow increase in sec- 
ondary electron emission due to the build-up of an 
oxygen-rich surface layer. The change in plasma 
impedance was reversed in oxygen-poor conditions 
as oxygen was removed from the surface pre- 
sumably by Ar sputtering. Trace quantities of oxy- 
gen, present in any cell, can thus significantly affect 
the discharge, whether the oxygen is in the gas 
phase (where it causes the plasma impedance to 
increase) or on surfaces (causing it to decrease). 
Other surface processes may cause similar changes 
in the electrical characteristics, especially in etch- 
ing and deposition plasmas. Further study is re- 
quired to identify and characterize them. 



5. Comparisons with Other 
Measurements 

Although current and voltage measurements can 
easily detect changes in plasma conditions in one 
cell or differences between cells, it is nevertheless 
often difficult to interpret the measurements. The 
current and voltage characteristics measured at the 
powered electrode include contributions from all 
regions of the plasma and all of its sheaths, and 
each of these may have a different, complicated re- 
lation between current and voltage. A single pair of 
current and voltage waveforms does not provide 
enough information to unambiguously characterize 
the electrical properties of each sheath. By employ- 
ing additional electrical measurements, however, 
one can obtain a less ambiguous characterization 
of the discharge electrical properties and better un- 
derstanding of their origin. For example, in one 
study [17], in addition to the measurements at the 
powered electrode, current was measured at the 
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Fig, 7. The magnitude of the plasma impedance VpcJIpci, and the dc compo- 
nent of the voltage on the powered electrode Kdc, for Ar/02 mixtures at 2.7 
Pa (20 mTorr), vs the O2 volume fraction, obtained from cah'brated mass 
spectrometer measurements. In the experiment, a constant O2 flow was 
turned on and then shut off 40 min later. The hysteresis in the data arises 
from the slow formation of an oxygen-rich layer on the surface of the alu- 
minum electrodes, and a subsequent slow removal of the layer by sputtering. 
Data from Ref. [13]. 



grounded electrode and at the ground shields (by 
mounting inductive dl/dt current probes inside the 
cell), to determine how the current flowing into the 
plasma through the powered electrode distributed 
itself among the different grounded surfaces in the 
cell. Typically, for argon discharges, most of the 
current was found to flow to the chamber wall. An- 
other study combined the powered electrode mea- 



surements with measurement of the current at the 
ground electrode and the rf voltage on a wire in- 
serted in the plasma, to determine how the rf 
voltage as well as the current and impedance were 
divided among the different sheaths of the plasma 
[6]. Under most conditions in argon, the largest 
fraction of the applied voltage is dropped across 
the sheath at the powered electrode, hence this 
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sheath makes the dominant contribution to the 
overall impedance of the discharge. 

Additional understanding can be obtained by 
comparing electrical data with the results of other 
plasma diagnostic techniques. Electrical measure- 
ments have been performed simultaneously with 
measurements of the ion kinetic energy distribu- 
tions at the grounded electrode [13,18]. Similar 
trends are often observed— when electrical data in- 
dicate changes in the voltage drop across the 
sheath at the grounded electrode, corresponding 
changes are observed in the ion energies. Similar 
trends are often observed in optical emission 
data — changes in the optical emission spatial pro- 
file caused by the onset of emission at the ground 
electrode or in the bulk occur at conditions where 
electrical data suggest increases in the current den- 
sity and electric fields there [19]. Qualitatively, the 
behavior of sheath widths measured by optical 
emission agree with electrical sheath widths de- 
fined by sheath capacitance values determined 
from measurements of the fundamental current 
and voltage [20]. 

Perhaps the most relevant plasma parameter for 
comparison to the electrical data is the electron 
concentration /Ze. A microwave interferometer 
[9,21] and a Langmuir probe [21] have been used 
to measure /Zc in the GEC cell, in conjunction with 
electrical measurements. One set of results for ar- 
gon plasmas at 66 Pa (500 mTorr) is shown in Fig. 
8. The capacitance of the discharge is dominated 
by the sheath at the powered electrode [6], so the 
electrical width of this sheath can be calculated, as 
shown. Together, the data in Fig. 8 are particularly 
useful for testing models of the electrical behavior 
of rf plasma sheaths. These models [22,23,24] pre- 
dict that the electrical sheath width should be 
equal to the Debye length (in the plasma just out- 
side the sheath) times some function of the rf 
voltage across the sheath. By measuring Hc (and the 
electron temperature Tc) the dependence of the 
sheath width on Debye length can be factored out, 
and the explicit dependence of the sheath width on 
sheath voltage (and pressure) can be determined. 
Figure 9 shows the result of such an analysis, based 
on the electrical data and rie values of Fig. 8. Re- 
sults such as those shown in Fig. 9 can be directly 
compared to model predictions, facilitating experi- 
mental testing of the models. Confirmation of the 
models, or development of more accurate models 
should present models be found to be invalid, 
would greatly increase our ability to interpret ex- 
perimental current-voltage data. 
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Fig. 8. Comparison of current and voltage data with electron 
densities measured by microwave interferometry, for argon dis- 
charges at (£ Pa (500 mTorr) in a GEC cell (from Ref. [9]). 
Also shown is the electrical sheath width j, calculated from 
C^eoAjs and Im(Z)= -l/(wC), where Z is the discharge 
impedance defined by the Kpe(0 and /pe(0 components at the 
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of vacuum, 8.85 x 10"^* F/cm, andv4 is the electrode area. 




100 200 300 500 

RF amplitude (V) 

Fig. 9. The electrical sheath width, normalized by the Debye 
length, to remove the explicit dependence of sheath width on 
electron density and reveal the explicit dependence of the elec- 
trical sheath width on rf voltage. The data is from Fig. 8, origi- 
nally from Ref. [9]. The Debye length was calculated using a 
constant value of 3 eV for the electron temperature [9]. 
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6. Conclusions 

Measurements of current and voltage waveforms 
are a useful means of assessing the reproducibility 
of discharges in GEC cells, provided that the many 
possible sources of error in these measurements 
are minimized. To obtain the greatest degree of 
reproducibility between cells requires that the elec- 
trical networks, gas impurities, and interior sur- 
faces of the cells be identical. To some extent, 
current and voltage data can be interpreted and 
changes in the data can be used to infer how fun- 
damental properties of the plasma are changing, 
but further work is needed to obtain a complete 
understanding of the data. 
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